The experimental evidence for the realization of a superplastic behavior with 900% elongation in V-alloyed high-nitrogen austenitic Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel was proposed. Using thermomechanical processing, a misoriented grain/subgrain austenitic microstructure with a high density of deformation-assisted defects and precipitates was developed in the steel. During high-temperature tensile deformation in a temperature interval from 850 to 1000 • C and strain-rate range from 4 × 10 −4 s −1 to 6 × 10 −3 s −1 , this microstructure demonstrated the characteristics of superplastic flow: elongation in the interval 400-900%, strain-rate sensitivity exponent m = 0.40-0.49, grain boundary sliding mechanism. The maximum elongation to failure (900%) was reached at deformation temperature 950 • C and strain rate 4 × 10 −4 s −1 .
Introduction
Superplasticity (SP) is an ability of a material to undergo significant (more than 300-400%) tensile plastic elongation prior to failure [1, 2] . Fine-grained structure (typically less than 10-15 µm), relatively low strain rates (about 10 −2 -10 −4 s −1 ), and elevated deformation temperatures (commonly above half of a melting temperature) are the principal well-established requirements for the superplastic flow of polycrystalline metals [1] [2] [3] . Under these conditions, a diffusion creep and an intragranular slip promote grain-boundary sliding, which is the dominating mechanism of SP [1, 2, 4] . Superplastic behavior has been observed and comprehensively studied for Ti, Al, Zn, Ni, and Mg alloys and intermetallics [1, 2] . Concerning the iron-based alloys, the majority of the papers are directed to the study of superplastic behavior in duplex steels, medium carbon steels, high carbon steels, and new medium-Mn steels [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These steels demonstrate a perspective of Fe-based materials for practical superplastic forming because of their superior superplastic-assisted elongation-to-failure higher than 3000% [21] and temperature limit of superplastic flow as low as 500 • C [12] .
The development of high-nitrogen steels (HNS) in the middle of the 20th century showed the high efficiency of nitrogen use as an alloying element, solving the main problem of austenitic stainless steels-their low yield strength [22, 23] . Solid solution hardening of steels by nitrogen has also allowed to reduce nickel content or fully exclude it because both elements are strong austenite stabilizers. Therefore, nitrogen-alloying has made the cost of Fe-based alloys more attractive. Austenitic HNSs have high corrosion resistance and high strength characteristics without significant loss in ductility and toughness [22, 23] . In addition, alloying of high-nitrogen steels with vanadium can significantly increase their strength and ductility due to the formation of a fine-grained structure and
Materials and Methods
An austenitic V-alloyed high-nitrogen steel Fe-19Cr-22Mn-1.5V-0.3C-0.6N (V-HNS, mass.%) was chosen as an object of investigation. The initial cast ingot of the V-HNS was homogenized and water-quenched after a one-hour anneal at the temperature 1200 • C. After solid-solution treatment, steel plates were subjected to multistep thermal-mechanical processing that consisted of multiple room-temperature rolling to the total 80% reduction with two intermediate anneals (at 1050 • C for 1 h each), which were done at 50 and 66% reduction. Following the multistep thermal-mechanical processing, the 0.5 mm thick surface layers were removed from the bars to get rid of the effects of alloying elements depletion.
Electro-discharge machining was used to cut regular dumbbell-shaped flat tensile specimens with the tensile axis parallel to the cold-rolling direction. Mechanical grinding and a final electrochemical polish (50 g CrO 3 in 200 g H 3 PO 4 ) were employed to remove the entire processing-affected surface layer. The final nominal dimensions of tensile specimens were 9 mm × 2.7 mm × 1.5 mm in the gauge section.
The tensile tests were carried out in the air and at an initial strain rate in the range of 4.2 × 10 −4 -8.4 × 10 −3 s −1 using an electromechanical machine equipped with a high-temperature chamber (LFM-125 from Walter+Bai AG, Löhningen, Switzerland). Before starting the tensile tests, each specimen was first heated to the deformation temperature and held at deformation temperature for 5 min. Some specimens were tensile tested in vacuum to avoid oxidation of the surfaces and to provide a microstructural characterization of deformation relief on the lateral surfaces using a PV-3012-type machine (NIIKIMP, Moscow, Russia) with the high-temperature vacuum chamber. For these specimens, electrochemical polishing was carried out accurately for producing ideal smooth (mirror-like) surface for the study of specimen surface relief after high-temperature deformation.
For microstructural analysis, a Philips CM12 (Koninklijke Philips N.V., Amsterdam, the Netherlands) transmission electron microscope (TEM) operated at an accelerating voltage of 120 kV was employed. A scanning electron microscope (SEM) Quanta 200 3D (FEI, Hillsboro, OR, USA) equipped with an electron backscattered diffraction (EBSD) unit was used for characterization of deformation relief and grain structure of the specimens. The visualization of EBSD data was performed with the TSL OIM Analysis 6.2 (EDAX, Draper, UT, USA) software; cleaning of the EBSD-maps was used-points with a confidence index less than 0.3 were excluded from the maps. The X-ray diffraction (XRD) phase analysis was done using DRON 7 (Bourevestnik, St.-Petersburg, Russia) diffractometer with Co-Kα radiations.
Metals 2020, 10, 27 3 of 13 Figure 1 shows a microstructure of V-HNS after solid-solution treatment and after two thermal-mechanical treatments of a cast material: cold rolling with 50% reduction and analogous cold rolling with 1 h-anneal at 1050 • C. The solution-treated structure consisted of austenitic grains of almost equiaxial shape with mainly high-angle boundaries. The average grain size was 94 µm. Steel microstructure also contained large particles of vanadium-based nitrides/carbonitrides, which were homogeneously distributed both in grain bodies and along grain boundaries. These coarse particles are peculiar for V-HNSs, and they do not dissolve during solid-solution treatment [25] [26] [27] . The details on the elemental composition of these V-based nitrides are described previously in [27] . The most characteristic particle sizes lied in the interval 300-400 nm; their volume fraction was 1.5%. Cold rolling was not accompanied by grain refinement but provided an accumulation of deformation-assisted defects of a crystal lattice and breaking up the coarse V-based precipitates (Figure 1d ). During post-deformation anneal at the temperature 1050 • C, deformation microstructure recrystallized into a fine-grained austenitic structure with a high volume fraction of high-angle boundaries (Figure 1e Figure 1 shows a microstructure of V-HNS after solid-solution treatment and after two thermalmechanical treatments of a cast material: cold rolling with 50% reduction and analogous cold rolling with 1 h-anneal at 1050 °C . The solution-treated structure consisted of austenitic grains of almost equiaxial shape with mainly high-angle boundaries. The average grain size was 94 µ m. Steel microstructure also contained large particles of vanadium-based nitrides/carbonitrides, which were homogeneously distributed both in grain bodies and along grain boundaries. These coarse particles are peculiar for V-HNSs, and they do not dissolve during solid-solution treatment [25] [26] [27] . The details on the elemental composition of these V-based nitrides are described previously in [27] . The most characteristic particle sizes lied in the interval 300-400 nm; their volume fraction was 1.5%. Cold rolling was not accompanied by grain refinement but provided an accumulation of deformationassisted defects of a crystal lattice and breaking up the coarse V-based precipitates (Figure 1d ). During post-deformation anneal at the temperature 1050 °C , deformation microstructure recrystallized into a fine-grained austenitic structure with a high volume fraction of high-angle boundaries (Figure 1e The characteristic TEM images of the steel microstructure after multistep thermomechanical processing are shown in Figure 2 . A deformed austenitic structure and numerous precipitates were visible in TEM images. A complex contrast was peculiar for the matrix (austenitic) phase; it included a high density of the dislocations, which could hardly be estimated directly using TEM images (Figure 2a ). Azimuthal diffusions of austenitic reflections in selected area electron diffraction (SAED) patterns were high, and they denoted the deformation-assisted continuous low-angle misorientations and high internal microstresses in the crystal lattice of austenitic grains ( Figure 2b ). Ferrite grains were rarely observed in TEM images. Typical SAED patterns contain reflections for austenite and nitrides. Austenitic reflections with low intensity were seen in X-ray diffraction patterns for the steel specimens after multistep thermal-mechanical treatment ( Figure 2d ). No X-ray lines with interplanar distances corresponded to ferrite were seen in diffraction patterns in Figure 2d . Therefore, its volume fraction did not exceed 5%, and steel possessed a mainly austenitic structure with vanadium and chromium nitrides.
Results and Discussion

Several cycles of heating and plastic deformation promoted the rather homogeneous distribution of precipitates in the steel structure (Figure 2a ). According to the TEM phase analysis, most of them were Cr2N-based phase, but coarse VN-based particles were also present. Coarse particles marked by arrows in Figure 2a corresponded mainly to the VN-based phase inherited from the initial microstructure (after solid-solution hardening). They were elastically deformed and did not contain any dislocations. Rather small Cr2N-based particles of tens to a hundred nanometers in size gave the diffused reflections in SAED patterns ( Figure 2b ). The mean particle size was 214 ± 180 nm, with a total volume fraction of 2.7% ( Figure 1a ). Consequently, the multistep thermal-mechanical treatment promoted nucleation of high volume fraction of chromium-based nitrides additionally to the initial VN-based phase. The characteristic TEM images of the steel microstructure after multistep thermomechanical processing are shown in Figure 2 . A deformed austenitic structure and numerous precipitates were visible in TEM images. A complex contrast was peculiar for the matrix (austenitic) phase; it included a high density of the dislocations, which could hardly be estimated directly using TEM images (Figure 2a ). Azimuthal diffusions of austenitic reflections in selected area electron diffraction (SAED) patterns were high, and they denoted the deformation-assisted continuous low-angle misorientations and high internal microstresses in the crystal lattice of austenitic grains (Figure 2b ). Ferrite grains were rarely observed in TEM images. Typical SAED patterns contain reflections for austenite and nitrides. Austenitic reflections with low intensity were seen in X-ray diffraction patterns for the steel specimens after multistep thermal-mechanical treatment ( Figure 2d ). No X-ray lines with interplanar distances corresponded to ferrite were seen in diffraction patterns in Figure 2d . Therefore, its volume fraction did not exceed 5%, and steel possessed a mainly austenitic structure with vanadium and chromium nitrides.
Several cycles of heating and plastic deformation promoted the rather homogeneous distribution of precipitates in the steel structure ( Figure 2a ). According to the TEM phase analysis, most of them were Cr 2 N-based phase, but coarse VN-based particles were also present. Coarse particles marked by arrows in Figure 2a corresponded mainly to the VN-based phase inherited from the initial microstructure (after solid-solution hardening). They were elastically deformed and did not contain any dislocations. Rather small Cr 2 N-based particles of tens to a hundred nanometers in size gave the diffused reflections in SAED patterns ( Figure 2b ). The mean particle size was 214 ± 180 nm, with a total volume fraction of 2.7% ( Figure 1a ). Consequently, the multistep thermal-mechanical treatment promoted nucleation of high volume fraction of chromium-based nitrides additionally to the initial VN-based phase. Figure 3 shows a comparison of room temperature engineering stress vs. engineering strain diagrams for V-HNS in two different states: after 1-hour solid-solution treatment and after multistep thermal-mechanical treatment. The formation of a heterophase structure with deformation-assisted defects led to an increase in the value of 0.2% proof stress (σ0.2, yield strength) from 500 to 1270 MPa and decreased the elongation to failure from 24% to 2%. Thus, after multistep thermal-mechanical treatment, V-HNS was characterized by high strength and low ductility in room temperature tensile tests. Figure 3 shows a comparison of room temperature engineering stress vs. engineering strain diagrams for V-HNS in two different states: after 1-hour solid-solution treatment and after multistep thermal-mechanical treatment. The formation of a heterophase structure with deformation-assisted defects led to an increase in the value of 0.2% proof stress (σ 0.2 , yield strength) from 500 to 1270 MPa and decreased the elongation to failure from 24% to 2%. Thus, after multistep thermal-mechanical treatment, V-HNS was characterized by high strength and low ductility in room temperature tensile tests. The representative high-temperature engineering stress vs. engineering strain diagrams and the photographs of the specimens after deformation to failure and some mechanical characteristics of the specimens processed via thermal-mechanical treatment are shown in Figure 4 . In the given strainrate range 4.2 × 10 −4 -8.4 × 10 −3 s −1 and temperature interval 800-1000 °C, the elongation to failure of the specimens was high (hundreds percent) and flow stresses were low (down to 10 MPa) ( Figure  4a ,d, Table 1 ). The form of stress-strain diagrams was peculiar for superplastic flow (Figure 4a ). Generally, the higher the test temperature and the lower strain-rate, the higher elongation and lower the yield stress (Figure 4a ,c,d, Table 1 ).
The sections of true stress vs. true strain diagrams corresponding to the first stages of hightemperature deformation at strain rate 4.2 × 10 −4 s −1 are shown in Figure 4a (inset in the figure) . A standard procedure for the determination of trues stress and the true strain was used: = (1 + ), = (1 + ), where and are true stress and true strain, respectively, and are engineering stress and engineering strain, respectively. This approach is correct if the specimen deforms uniformly without neck formation [30, 31] . In situ observations of the specimens during high-temperature tensile deformation showed that at elongations lower than 300% (~1.4), specimens deformed uniformly. So, taking into account indicated limitation, only initial stages of specimen deformation were analyzed (in an inset in Figure 1a , < 0.9). Analysis of true stress vs. true strain diagrams showed that for temperature of 800 °C, corresponding to lower limit of the SP interval, the total elongation to failure was smaller than 400% (Table 1) , and true stress vs. true strain diagram was characterized by pronounced strain hardening stage (inset in Figure 4a ). The latter could testify to prevailing recrystallization and intragranular plastic deformation during tension at 800 °C. For deformation in temperature interval 850-950 °C, very limited strain hardening stages were observed (inset in Figure 4a ), and superplastic flow was accompanied by weak dependence of flow stress on the strain. At the higher temperature (1000 °C), grain growth processes prevailed under grain boundary sliding mechanism, and this was accompanied by a decrease in elongation to failure and presence of extended strain hardening stage on true stress vs. true strain diagram (Table 1, Figure 4a ). The representative high-temperature engineering stress vs. engineering strain diagrams and the photographs of the specimens after deformation to failure and some mechanical characteristics of the specimens processed via thermal-mechanical treatment are shown in Figure 4 . In the given strain-rate range 4.2 × 10 −4 -8.4 × 10 −3 s −1 and temperature interval 800-1000 • C, the elongation to failure of the specimens was high (hundreds percent) and flow stresses were low (down to 10 MPa) (Figure 4a,d , Table 1 ). The form of stress-strain diagrams was peculiar for superplastic flow (Figure 4a ). Generally, the higher the test temperature and the lower strain-rate, the higher elongation and lower the yield stress (Figure 4a ,c,d, Table 1 ).
The sections of true stress vs. true strain diagrams corresponding to the first stages of high-temperature deformation at strain rate 4.2 × 10 −4 s −1 are shown in Figure 4a (inset in the figure) . A standard procedure for the determination of trues stress and the true strain was used:
where σ T and ε T are true stress and true strain, respectively, σ E and ε E are engineering stress and engineering strain, respectively. This approach is correct if the specimen deforms uniformly without neck formation [30, 31] . In situ observations of the specimens during high-temperature tensile deformation showed that at elongations lower than 300% (ε T~1 .4), specimens deformed uniformly. So, taking into account indicated limitation, only initial stages of specimen deformation were analyzed (in an inset in Figure 1a , ε T < 0.9).
Analysis of true stress vs. true strain diagrams showed that for temperature of 800 • C, corresponding to lower limit of the SP interval, the total elongation to failure was smaller than 400% (Table 1) , and true stress vs. true strain diagram was characterized by pronounced strain hardening stage (inset in Figure 4a ). The latter could testify to prevailing recrystallization and intragranular plastic deformation during tension at 800 • C. For deformation in temperature interval 850-950 • C, very limited strain hardening stages were observed (inset in Figure 4a ), and superplastic flow was accompanied by weak dependence of flow stress on the strain. At the higher temperature (1000 • C), grain growth processes prevailed under grain boundary sliding mechanism, and this was accompanied by a decrease in elongation to failure and presence of extended strain hardening stage on true stress vs. true strain diagram (Table 1, Figure 4a ). The relationship between elongation to failure and deformation temperature for different strain rates is plotted in Figure 4c . Supposing 400% elongation as a critical value, the superplasticity could be realized in Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel in the temperature interval from 850 °C to 1000 °C. At deformation temperature 950 °C and initial strain rate 4.2 × 10 −4 s −1 , the elongation to failure reached 900%. The relationship between elongation to failure and deformation temperature for different strain rates is plotted in Figure 4c . Supposing 400% elongation as a critical value, the superplasticity could be realized in Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel in the temperature interval from 850 • C to 1000 • C. At deformation temperature 950 • C and initial strain rate 4.2 × 10 −4 s −1 , the elongation to failure reached 900%.
Strain-rate sensitivity coefficient m is one of the main characteristics of the superplastic flow. It could be determined using the following relation [9, 16] ε is the strain-rate value. Typically for superplastic flow, the m-value should be higher than 0.3 [9, 16] . In the present investigation, a σ 0.5 value corresponding to 0.5% of plastic strain was used for calculation of m-value because it corresponded to stable plastic flow of material and was very close to the yield stress. Moreover, for each test temperature, a dynamic recrystallization effect was still minor at 0.5% of plastic strain, and calculated m-values were constructed for different strain-rates but the same grain size and microstructure of the V-HNS. In the temperature and strain-rates intervals from 850 • C to 1000 • C and from 4.2 × 10 −4 to 8.4 × 10 −3 s −1 , the m-value possessed high values 0.40-0.49 (Figure 4d ), which are peculiar for superplastic flow [1] [2] [3] . The m-value increased to the highest value of 0.49 at the temperature of 950 • C and then decreased with growth in temperature up to 1000 • C (Figure 4d ). This correlated with a change in elongation with test temperature ( Table 1 ). The increase in strain rate in the range 4.2 × 10 −4 -2.1 × 10 −3 s −1 did not vary the peak temperature corresponding to maximum elongation. The further increase in strain rate moved it to higher temperatures, but in the given test temperature interval, the peak temperature could not be determined definitely for the strain rates higher than 2.1 × 10 −3 s −1 (Figure 4c ).
Fractured specimens were homogeneously deformed ( Figure 4b ). The realization of superplastic behavior in V-HNS during high-temperature tests was accompanied by a formation of characteristic relief on the surfaces of the specimens tensile tested in a vacuum and having polished smooth surfaces before the test. SEM images of the lateral surfaces of the specimens at different values of elongation after the tensile test at 950 • C and the strain rate of 4.2 × 10 −4 s −1 are shown in Figure 5 . At the early stages of high-temperature deformation (40% and 100% elongation), equiaxial fine grains were clearly visible on SEM images (Figure 5a,b ). This relief indicated the grain-boundary sliding mechanism (marked by arrows), which is peculiar for superplastic flow [1, 2] . No traces of intragranular slip were observed on the lateral surfaces of the specimens at these elongation values. For the temperature 950 • C, the mean grain size determined from the SEM image in Figure 5a was 0.74 ± 0.15 µm. This testified to the recrystallization and transformation of the deformation-assisted microstructure produced by multistep thermal-mechanical treatment (Figure 2a ) into fine-grained microstructure during high-temperature deformation (Figure 5a ). The absence of descending stage in true stress vs. true strain diagrams in the early stages of the plastic flow (Figure 4a , inset) evidenced that recrystallization occurred during pre-deformation heat of the specimens up to the test temperature, and the beginning of the plastic flow was associated basically with the grain-boundary sliding mechanism of deformation. The deformation was accompanied by the formation of a specific relief (surface level irregularities) on the surface of the specimens (in Figure 5a ,b) that confirmed the prevailing of the grain-boundary sliding deformation mechanism. At higher elongation (400 and 900%), cavities and traces of intragranular slip (shown by yellow contours) could be seen on SEM images (Figure 5c,d) .
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Fractured specimens were homogeneously deformed (Figure 4b ). The realization of superplastic behavior in V-HNS during high-temperature tests was accompanied by a formation of characteristic relief on the surfaces of the specimens tensile tested in a vacuum and having polished smooth surfaces before the test. SEM images of the lateral surfaces of the specimens at different values of elongation after the tensile test at 950 °C and the strain rate of 4.2 × 10 −4 s −1 are shown in Figure 5 . At the early stages of high-temperature deformation (40% and 100% elongation), equiaxial fine grains were clearly visible on SEM images (Figure 5a,b) . This relief indicated the grain-boundary sliding mechanism (marked by arrows), which is peculiar for superplastic flow [1, 2] . No traces of intragranular slip were observed on the lateral surfaces of the specimens at these elongation values. For the temperature 950 °C, the mean grain size determined from the SEM image in Figure 5a was 0.74 ± 0.15 μm. This testified to the recrystallization and transformation of the deformation-assisted microstructure produced by multistep thermal-mechanical treatment (Figure 2a ) into fine-grained microstructure during high-temperature deformation (Figure 5a ). The absence of descending stage in true stress vs. true strain diagrams in the early stages of the plastic flow (Figure 4a , inset) evidenced that recrystallization occurred during pre-deformation heat of the specimens up to the test temperature, and the beginning of the plastic flow was associated basically with the grain-boundary sliding mechanism of deformation. The deformation was accompanied by the formation of a specific relief (surface level irregularities) on the surface of the specimens (in Figure 5a ,b) that confirmed the prevailing of the grain-boundary sliding deformation mechanism. At higher elongation (400 and 900%), cavities and traces of intragranular slip (shown by yellow contours) could be seen on SEM images (Figure 5c,d) . The EBSD phase and structural maps for the working part of tensile specimens after hightemperature deformation to failure at 950 °C and strain rate of 4.2 × 10 −4 s −1 are shown in Figure 6 . Both round-shaped and slightly elongated grains are seen in Figure 6a . The elongated form of the grains could be associated with a portion of intragranular slip during high-temperature deformation. The average size of austenitic grains in Figure 6a -d was 1.5 ± 1.0 μm. The boundaries in Figure 6c possessed mainly high-angle misorientations, and inverse pole figure (inset in Figure 6b ) testified the random orientation of austenitic grains after superplastic deformation at 950 °C. Kernel's average misorientations inside of grains did not exceed 2° (Figure 6d ). These features gave evidence for grain boundary sliding as a dominating deformation mechanism during high-temperature tensile deformation of the specimens. The EBSD phase and structural maps for the working part of tensile specimens after high-temperature deformation to failure at 950 • C and strain rate of 4.2 × 10 −4 s −1 are shown in Figure 6 . Both round-shaped and slightly elongated grains are seen in Figure 6a . The elongated form of the grains could be associated with a portion of intragranular slip during high-temperature deformation. The average size of austenitic grains in Figure 6a -d was 1.5 ± 1.0 µm. The boundaries in Figure 6c possessed mainly high-angle misorientations, and inverse pole figure (inset in Figure 6b ) testified the random orientation of austenitic grains after superplastic deformation at 950 • C. Kernel's average misorientations inside of grains did not exceed 2 • (Figure 6d ). These features gave evidence for grain boundary sliding as a dominating deformation mechanism during high-temperature tensile deformation of the specimens. The EBSD phase and structural maps for the working part of tensile specimens after hightemperature deformation to failure at 950 °C and strain rate of 4.2 × 10 −4 s −1 are shown in Figure 6 . Both round-shaped and slightly elongated grains are seen in Figure 6a . The elongated form of the grains could be associated with a portion of intragranular slip during high-temperature deformation. The average size of austenitic grains in Figure 6a -d was 1.5 ± 1.0 μm. The boundaries in Figure 6c possessed mainly high-angle misorientations, and inverse pole figure (inset in Figure 6b ) testified the random orientation of austenitic grains after superplastic deformation at 950 °C. Kernel's average misorientations inside of grains did not exceed 2° (Figure 6d ). These features gave evidence for grain boundary sliding as a dominating deformation mechanism during high-temperature tensile deformation of the specimens. Phase map in Figure 6b testified to the fact that after high-temperature deformation to 900% elongation, the V-HNS still possessed austenitic structure. The ferrite fraction after deformation at 950 °C was less than 5% (Figure 6b ). Consequently, the high-temperature deformation behavior in Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel was not associated with the formation of (α + γ) micro duplex structure, which was more familiar to superplastic flow in steels [5, 18] .
Therefore, multistep thermal-mechanical treatment provided the formation of a composite microstructure characterized by a severely deformed misoriented austenitic structure with a high volume fraction of precipitates. This structure was a characteristic of severely deformed austenitic steels with high interstitial content [32, 33] . During heating of the specimens to the test temperature, this structure recrystallized into fine-grained austenitic one, which was stabilized by numerous precipitates. The high-temperature deformation of such fine-grained austenitic structure was associated with a grain boundary sliding mechanism. A limited grain growth occurred during superplastic deformation of Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel. Grain coarsening could be suppressed by the carbonitride phase produced by initial thermal-mechanical processing (rolling with intermediate anneals) and, additionally, precipitate nucleation and growth during hightemperature deformation.
Precipitate-free single-phase austenitic steels (or with a low fraction of precipitates) demonstrated low superplastic-assisted elongation in the interval from 180% to a maximum 300% [1, 5, 15, 28] . Mineura [29] reported much higher elongation (527%) at 800 °C and strain rate ~10 −4 s −1 for ultra-high nitrogen austenitic steel Fe-20Cr-10Ni-0.7N (mass.%). They described the superplasticity by precipitation of fine chromium nitrides, which were promoted by two-step cold rolling with intermediate anneal at 1000 °C. These fine nitrides were, probably, unstable against growth being heated above 800 °C , and elongation to failure decreased when test temperature rose above this temperature. In present Fe-19Cr-22Mn-1.5V-0.3C-0.6N V-HNS, the superplastic-assisted elongation grew to the temperature 950 °C, the peak on the δ(T)-dependence was moved to the higher temperatures, and the value of elongation to failure was higher at T > 850 °C as compared to Mineura [29] data. This was associated with the higher stability of V-containing precipitates against coarsening, coagulation, or dissolution during high-temperature deformation as compared to Crbased particles. The pinning effect of V (C, N) precipitates on the moving grain boundaries during recrystallization was noted in [34] . The authors showed that with increasing in V-carbonitride Phase map in Figure 6b testified to the fact that after high-temperature deformation to 900% elongation, the V-HNS still possessed austenitic structure. The ferrite fraction after deformation at 950 • C was less than 5% (Figure 6b) . Consequently, the high-temperature deformation behavior in Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel was not associated with the formation of (α + γ) micro duplex structure, which was more familiar to superplastic flow in steels [5, 18] .
Therefore, multistep thermal-mechanical treatment provided the formation of a composite microstructure characterized by a severely deformed misoriented austenitic structure with a high volume fraction of precipitates. This structure was a characteristic of severely deformed austenitic steels with high interstitial content [32, 33] . During heating of the specimens to the test temperature, this structure recrystallized into fine-grained austenitic one, which was stabilized by numerous precipitates. The high-temperature deformation of such fine-grained austenitic structure was associated with a grain boundary sliding mechanism. A limited grain growth occurred during superplastic deformation of Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel. Grain coarsening could be suppressed by the carbonitride phase produced by initial thermal-mechanical processing (rolling with intermediate anneals) and, additionally, precipitate nucleation and growth during high-temperature deformation.
Precipitate-free single-phase austenitic steels (or with a low fraction of precipitates) demonstrated low superplastic-assisted elongation in the interval from 180% to a maximum 300% [1, 5, 15, 28] . Mineura [29] reported much higher elongation (527%) at 800 • C and strain rate~10 −4 s −1 for ultra-high nitrogen austenitic steel Fe-20Cr-10Ni-0.7N (mass.%). They described the superplasticity by precipitation of fine chromium nitrides, which were promoted by two-step cold rolling with intermediate anneal at 1000 • C. These fine nitrides were, probably, unstable against growth being heated above 800 • C, and elongation to failure decreased when test temperature rose above this temperature. In present Fe-19Cr-22Mn-1.5V-0.3C-0.6N V-HNS, the superplastic-assisted elongation grew to the temperature 950 • C, the peak on the δ(T)-dependence was moved to the higher temperatures, and the value of elongation to failure was higher at T > 850 • C as compared to Mineura [29] data. This was associated with the higher stability of V-containing precipitates against coarsening, coagulation, or dissolution during high-temperature deformation as compared to Cr-based particles. The pinning effect of V (C, N) precipitates on the moving grain boundaries during recrystallization was noted in [34] . The authors showed that with increasing in V-carbonitride fraction, the plateau on the recrystallization fraction vs. recrystallization time started in earlier times and at higher testing temperatures [34] . The positive effect of stable disperse particles was also associated with the fact that they could act as recrystallization nuclei and promote grain refinement [1] . The direct comparison of the elongation values of the data for V-free Fe-20Cr-10Ni-0.7N [29] and V-alloyed Fe-19Cr-22Mn-1.5V-0.3C-0.6N (present research) steels at similar deformation regimes (temperature and strain rate) was difficult because the ratios of the gauge length to width were different for them. Namely, it was 1.6 for [29] and 3.3 in the present research. According to data [8] , if this ratio increases, the elongation of the specimens could be reduced. Therefore, at deformation temperature 800 • C and strain rate~10 −4 s −1 , the difference in elongation of the present steel (345% at ratio 3.3) and V-free Fe-20Cr-10Ni-0.7N steel [29] (527% at ratio 1.6) could be associated only with the difference in geometry of the specimens.
Conclusions
A deformation-assisted austenitic microstructure with the high volume fraction of nitrides was designed in V-alloyed Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel, which demonstrated the superplastic behavior with 900% elongation to failure at deformation temperature 950 • C and strain rate of 4 × 10 −4 s −1 . Misoriented grain/subgrain austenitic microstructure with a high density of deformation-assisted defects and precipitates (with a mean size of 214 nm) was produced in the steel by multiple cold rolling with intermediate anneals. During high-temperature tests, this structure recrystallized into the fine-grained austenitic structure, which was stabilized by V-containing and Cr-based precipitates. A limited grain growth occurred during superplastic deformation of Fe-19Cr-22Mn-1.5V-0.3C-0.6N steel and was suppressed by the carbonitride phase produced by initial thermal-mechanical processing (rolling with intermediate anneals) and/or precipitate nucleation and growth during high-temperature deformation. In tensile deformation in the strain-rate-temperature deformation regime from 850 to 1000 • C and from 4 × 10 −4 s −1 to 6 × 1 −3 s −1 , this microstructure manifested the characteristics of superplastic flow: elongation to fracture higher than 400%, high strain-rate sensitivity exponent m = 0.40-0.49, grain boundary sliding mechanism. 
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